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The work done in connection with this contract
in the second half year was as follows:

1. Growing of CdS single crystals by
sublimation technique (for further details see first
progress report.)

2. Evaporation of metal contact layers onto
CdS in very high vacuum,

3. Further investigations of the level
distribution in the band gap of the CdS single crystals
using glow curves and spectral distribution of photo-
conductivity after heat treatment of CdS crystals in
ultra-high vacuum.

4, TFurther investigations of the change in
level distribution of C
x-rays between 100 and 300 keV in ultra-high vacuum.

5. Further investigations of electrical
properties of CdS crystals during heat treatment in
sulfur vapor at temperatures between 300° and 750°cC.

6. Further investigations of the change of
optical absorption spectrum of large CdS crystals
after irradiation with electrons in the 2 to 8 MeV
range were suspended since the student who was
assigned to that program was not available during
the first semester of the academic year 1964 to

1965. W
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Ad 2:
Work is being corducted in an attempt to.produca ohmic

contacts on CdS single crystals, The particular method that
is being investigated is the double layér electrode, A
double layer electrode is produced by evaporating
under ultra-high vacuum conditions successive layers
of first, aluminum or indium - then gold.

Three to five crystals at a time are prepared for
a double layer evaporation. Two electrode areas C"lOmmZ)
spaced .7mm apart are left bear - the rest of the crystal
being masked., Measured amounts of the two metals to
be used are placed in tungsten evaporation baskets and
the CdS substrate holder is mounted in the vacuum
system a given distance from the evaporation source.
The vacuum system is taken down to 1077 torr, at which
time the electrode metals are successively deposited
on the CdS crystals,

The “ohmicness’” of the electrode contact is
tested by running current vs. voltage curves on each of
the crystals; green light of fixed intensity is used to
illuminate the crystal., Also, contact noise measure- |
ments are made - the less the contact noise measured,
the better the electrical contact. Other measurements
made on the crystals include relative photosensitivity
and dark current. |

In an attempt to determine the relative quality
of the aluminum and indium as ohmic contact metals, a

crystal will be split in half. On one half of the
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original crystal In-Au electrodes are deposited, on
the other half of the original, Al-Au electrodes, So
far, the results have proved successful, a good
percentage of both types of crystal contacts being
prepared by this method testing out as ohmic., Interest-
ing questions still to be resolved are:

(1) the optimum amounts of the two electrode
metals to be used to produce ohmic contacts,

(2) the dependence of the 'ohmicness’ of the
contact as functions of time and temperature, and

(3) some interesting effects observed when measuring
either photocurrent or photovoltage as a function of in-
tensity with no applied voltage. One such anomalous
effect is the reversal of photocurrent direction with

an increase of intensity - but only for green light,
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The irregularity of this

curve plus very detectable contact noise indicate the
contact was non-ohmic. The contact (2:1 ratio by volume
of Au to Al) was about 507, transparent.

illuminating the crystal.
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pPlus no detectable contact noise demonstrate
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characteristics of an ohmic contact,
8:1 ratio by volume of Au to Al was not transparent.

The linearity of this curve



EFFECTS OF THERMAL DISORDERS IN CdS CRYSTALS
ON SPECTRAL RESPONSE AND GLOW CURVE MEASUREMENTS

Ad 3:

Investigations have been made of two CdS
crystals, which were not exposed to x-rays, for the
effects of thermally induced disorders.

A general rise of the spectral response curve
with increased heat treatment temperature was observed.
Such a rise when combined with the fact that the
spectral response curves do not change shape can be
explained in terms of a decrease in the density of
recombination centers and/or an increase in hole traps.
In addition some changesin relative heights of the
glow peaks indicate the formation of electron traps.
One crystal was subjected to a long-time heat treat-
ment in high vacuum and long-time changes in photo-
response and glow curves are discussed in terms of
surface desorption.

Experimental Procedure

The crystal is mounted in ultra-high vacuum
(“'10'10 to 10'11 Torr). The current through the
crystal and the voltage across it are measured via
the four electrode method.

The crystal is then heat treated in the dark
at 100°C for one hour, during which time a certain
degree of thermal disorder will occur, and then
rapidly cooled to room temperature. The rapid cooling
has the effect of freezing-in the disorder. A



spectral response curve is then run at room temperature
followed by a glow curve. The crystal is then subjected
to a 150°C heat treatment followed by the aforementioned
measurements. This procedure is repeated for the heat
treatments in 50°C steps up to 350°cC.

After the 350°C measurements have been taken
the crystal is annealed from 350°C to 25°C over a 10
hour period according to a prescribed schedule which
was the same for both crystals.,

The entire aforementioned program is then re-
peated several times in order to verify reproducibility
and observe changes which might occur due to the long-
time heat treatment of the crystal by several such
programs,

Results
A, A Typical Program:

I.) Spectral Response Curves

A typical set of spectral response curves
is shown in Figure 3-1. These exhibit a general rise
in photo-current with increasing heat treatment
temperature. There is a more pronounced increase in
the extrinsic (1>520mu) side. There is no apparent
change in shape of the curves (i.e. no new peaks
appear.)

I1.) Glow Curves

Figures 3-2 and3-3 show typical glow curves
(510mu irradiation) for two different crystals. Both
exhibit a general increase in current with increasing
heat treatment temperature. Crystal #1 (Figure 3-2)
shows almost no change in relative densities of
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trapping levels. Crystal #2 (Figure 2-3) exhibits some
growth of peaks at 0.35ev. and 0.67ev. and 0.78ev.
gonsidering both crystals; peaks are seen at 180°K
0.35ev.), 350°K(0.67ev.), 390°K(0.78ev.), and 440°C(0.85ev.).
Some investigations were made of the effects of
650mu irradiation on the glow curves., The results were
that there was no noticable effect with crystal #1 and a
considerable effect with crystal #2. Figure 3-4 shows a
comparison of the 300°C glow curve for 510m; and 650mu
irradiation of crystal #2.

B Changes over Several Programs
I.) Spectral Response Curves
Figure 3-5 shows the changes occuring over a
period of nine months during which were performed eight pro-
grams, The change is characterized by a significant rise
in photocurrent on the intrinsic (5<520m,) side.

Another trend which has appeared in the two crystals
involves the appearance (after approximately two programs) of
a pronounced jump in the extrinsic range between the 200°C
and the 250°C curves as shown in Figure 3-6. This jump
tended to vanish after still more programs were run,

II.) Glow Curves

Figure 3-7 shows the 300°C glow curve for crystal #1
over a nine month period. This shows a general loss of pro-
nounced maxima in the glow curves. The 0.35ev. glow peak
‘'is greatly reduced while the 0.85ev. peak is increased.

Discussion of Results

A. A Typical Program

I.) Spectral Response Curves

A typical set of spectral respomse curves is shown in
Figure 3-1, The fact that there is ne apparent change in the
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shape of the curves in the extrinsic (3>520m:) range
indicates either that there is a uniform increase in
the density of levels in the forbidden gap from which
electrons can be excited or that the actual densities
of these levels are relatively unchanged - the rise
being attributed to increase of deep hole traps and/or
decrease of recombination centers, The uniform in-
crease, it is felt, is not very probable since there
are probably certain preferred disorders which would
be more readily formed contributing more levels of
one energy than another., The existence of the
parallel shift can then be attributed to an increase
in the density of deep hole traps and/or a decrease
in the density of recombination centers.

An arguement can be given which could explain
with some simplicity the higher extrinsic rise if
one assume§ that. the effect of heat treatment is to
destroy, by dissociation, a certain number of re-
combination centeg per unit volume uniformly through-
out the crystal. Let us then consider diagram #1.
Assume for simplicity that there is a uniform
distribution of levels throughout the crystal, There
will then, in general, be a larger density of re-
combination centers in the near surface region
(say 1017cm-3), due to the greater separation of the
quasi-fermi levels Efn and Ef , than.in the volume
where we assume 101%Cm™3. Removal of 5 x 101 1levels
cmg(as shown) would result in a small change of the
near surface recombination rate while the bulk re-
combination rate would be greatly (~50%) reduced.
This would cause a higher extrinsic rise. This
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behavior is not easily explainable with the other
proposal of increased density of deep hole traps. Thus
the proposed mechanisms of decrease of recombination
centers deeply seems to be the most plausible explana-
tion.

NEAR SURFACE { BULK
Before After ! Before After
Heat heat ; heat . _heat
E = R % ool T g
! A
——— H m—— i
-17 3 6 ! .
10 " /em . 9.5x101 /cm3 | 1016/cm3 ! 5x1015/cm3
i ; !
. - R Efp
fp - - -..ir........_-....._ - ..I - — i —

Diagram 3.1

To a first approximation, recombination centers

lie between E. and E
fn fp

II Glow Curves

The general rise of the glow curves once
again indicates the possibility of breaking up re-
combination centers. The fact that crystal #1
(figure 3+2) exhibits no significant peak growth over
a single program suggests that the formation of
electron traps is not reasponsible for this rise.

To a first approximation, the same is true
for crystal #2 (Figure 3-3). There does appear, however,
to be superimposed on the general rise, a change in
peak structure indicating some increase in electron
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traps at (o.35ev.), (0.67ev.) and (0.78ev.) some of
which may indicate the energies of dissociated re-
combination centers.

The fact that Figure 3-4 shows a marked
difference in the glow spectrum for 510mu and 650my
irradiation can possibly be explained in terms of the
difference between trap distributions in the near
surface (510my illumination) and bulk (650my; illumination)
regions.

The fact that no such effect was observed in
crystal #1 may be an indication that the glow curves
(both 510ms and 650mu) observed in that crystal were
due to levels occuring predominantly in the near
surface region,

B. Changes over Several Programs

I.) Spectral Response Curves

Over a nine month period during which
crystal #1 was kept in a vacuum of 10710 5 10711 Torr
during which it was subjected to eight programs, the
general shape of the spectral response curves changed
as shown in Figure -3-5 It is suspected that this
change in the intrinsic (3)<510mi) region is due to a
decreased density of surface recombination centers,
The fact that the photocurrent falls off in the
intrinsic region has been attributed in part to the
presence of surface recombination centers, which
among other things are abundant because of impurities
and the larger separation of the quasi-fermi levels there,
After many high temperature (~350°C) treatments many
of the surface impurities probably have been desorbed

resulting in a decrease of surface recombination centers.
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II. Glow Curves

The reduction of the 0.35ev. glow peak
and the increase of the 0.85ev. peak over the nine
month period is probably due to the passage of some
type of imperfections or impurity out of the crystal.
This trend was not dependent upon the irradiation
wavelength and hence is possibly governmed entirely
by traps in the near surface region.




Figure 3-1
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Figure,3-2
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Figure 3-3
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Figure 3-5
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Ad: 4

1, INTRODUCTION

It is well known that Cd5 monocrystals are sensitive

1,2,3

to x-ray irradiation, although the complete processes

which cause the increases and decreases in conductivity are
not known. Since glow curves and the spectral response of
photocurrents depend on the structure of the crystal, one
obtains further information on the changes of the defect
structure due to x-rays. Therefore an appropriate
experimental arrangement has been assembled, initial data
have been talen for the virgin crystal, x-ray irradiations
at room temperature have been carried out, and annealing
(to a certain extent) of the produced defects has bLeen

cavrvriad A
QL L Lo vut L)

2, Experimental Arrangement

The undoped CdS crystal (approximately 17 x 4 x
.05mm) was provided with four evaporated electrodes of
gold-chromium mixture. Two electrodes are used to pass
a current tarough the entire crystal and the other two
to measure the voltage at known points without drawing
sufficient current to disturb the field. The crystal is
held to a copper block by the pressure of the gold wires
making contact with the electrodes, and insulated from
the copper by a thin mica sheet. The temperature of the
entire assembly can be varied by contact with liquid
nitrogen or a heater and is measured by cooper-constantan
thermocouples. The crystal and holder are in a custom-made

stainless-steel, ultra-high vacuum system with the necessary
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connections to achieve and measure the pressure, regulate
the temperature, make electrical connections, and shine
visible light on the crystal, Ultra-high vacuum is deemed

necessary to reduce the effects of gases ionized during

X-ray irradiation.4

A Bausch and Lomb tungsten lamp monochromator supplies
visible light to the crystal and is driven slowly enough
(20m,/hr), to achieve steady state values for spectral
response measurements., Constant light intensity is
assumed by rigid mounting of the monochromator, lens
system, and crystal. A Keithley Model 413A micro-
microammeter is in series with the crystal and a constant
DC voltage supply to measure the current. Two Keithley
Model 500A electrometers measure the voltage at the
second two electrodes mentioned above. Current and
voltage are recorded on Leeds & Northrup Speedomax
recorders. A Minneapolis-Honeywell Rubicon Potentiometer
measures thermocouple voltages.

3. Eperimental Results

Initial Measurements

The crystal contacts were checked for rectification
by measuring the current and reversing the electric
field with light shining on it. Only a negligible amount
was found. The vacuum system was now baked out and pumped
down to the 1071l torr range and has been kept below
10~10

torr continuously. During bakeout of the vacuum

system at approximately 300° C the temperature of the
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crystal was not allowed to exceed 196° ¢ to prevent
changes in defect structure from occurring.

Spectral response has been studied in the wave-
length range of &440m; to 540m,. Glow curve studies
have bheen carried out for three different initial conditions:

1) Illumination at 510m; for 20 minutes after
cooling the crystal to approximately - 190°¢.

2) Illumination at 550m, for 20 minutes and then
cooling the crystal to approximately -190°C before
running the glow curve.

3) The same as (1) except using 550m, for
illumination,

) The same as (2) except using 550m, for
illumination,

The four different measurements were taken in.various
sequences to suit the experimental conditions.

Initial measurements were carried out twice in
order to verify reproducibility: typical curves are
shown in Figs 4.l through 4+, The spectral response
shows itself to be fypical of CdS with the peak being
located at 520m,.

The initial glow curves are seen to have a broad
flat peak. This can be interpreted as the crystals
having no dominant trap energy but rather a group or

, *
band of traps with an equivalent ''thermal energy’ range

* E ~25KkT
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OK to 270°K. A definite difference is seen be-

of 150
tween the curves of 510m; irradiation and 650my
irradiation; namely that the high energy end of the traps
do not readily £i11 up at 510m, irradiation. Traps that
fill at room remperature but not at liquid nitrogen
temperature and vice-versa do not appear to be present,
since no noticable differance is seen between the glow

curves at two irradiation temperatures; see figures 4.2

and 4 -4

4, X-ray Irradiations

All x-ray irradiations were done at Frankford
Arsenal in Philadelphia. Vacuum pressure was maintained
during irradiation by the use of a titanlum sublimation
pump which was fired previous to transporting the vacuum
chamber. Upon return the pressure was measured and
found to be in the 10710 torr range.

Constant x~ray dosage was achieved by holding the

quantity (it) constant at a value of &4 2T

2 o

, where

i in ma is the x-ray current, t in min is the total time
and r in inches is the distance from the cone tip of the }
X-ray machine to the crystal.
Immediately after x-ray irradiation the crystal
temperature was reduced to approximately -196°C and held
there until the first glow curve was run.
The changes in spectral response induced by x-rays

are shown in Figure 1. A decrease in the conductance
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at wavelengths longer than 525mi and an increase for
wavelengths shorter than 525mi is seen for irradiation
with x-rays of 150keV energy. As the x-ray energy is
increased to 250keV the spectral response decreases and
in the intrinsic range lies between the initial and
150keV value. The largest decreases occur over the
entire spectral response after 300keV x-ray irradiation.
For 15CkeV and 250keV x-ray irradiation the glow
curves changed less than 0.1 order of magnitude, as seen
in Figs. 4-24<3 and 44, However, for illumination at 510m:
the glow curves went up whereas for 650ms illumination
the glow curve decreases. For 300keV x-rays the largest
changes were encountered,approximately one-half an order
of magnitude. The conductance for 510mu illuminated
zlow curve increased while the 650m) glow curve decreased,

The glow curves still have broad £lat maximums.

4 1 Discussion of X-ray Effects

For simplicity all x-ray and temperature induced
changes in the crystal will be assumed to - arise from Cd
and S only, and in the simplest possible way, i.e.
intrinsic defects. We realize that in actual practice
many more elements may be present in varying amounts but
to determine which ones act as what type of center,
their associated energy, and the probability of x-rays
hitting the impurity is almost impossitle at the present

time.
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4.2 Phenomenolozical Model

The postulation of three types of x-ray induced
centers would account for the above mentionsd changes.

a) Recombination centexs whose probability of
formation increases with increasing x-ray energy up to
at least 300keV, and with a spatially inhomogeneous
distribution with the highest density located in the bulk.

b) Hole traps which are produced already at x-ray
energies below 150keV and whose probability of formulation
increases less than the probability of forming re-
combination centers with increasing energy. These defects
are predominantly produced near the surface, resulting
in a spatially inhomogeneous distribution.

c) Electron traps which have an energy continuum
but decrease in number as the trap energy increases and
whose formation becomes more probable with increasing
X-ray energy up to at least 300keV, These defects are
also produced predominately near the surface.

The decrease in conductivity in the long wavelength
side of the spectral response can be explained by an in-
creased number of recombination centers,

a) At long wavelengths the absorption of light is
quite uniform throughout the crystal, in turn the free
electrons and non-conduction holes (n-type material
assumed) caused by photons can iecombine at the newly
formed centers and reduce the photoconductivity.

Superimposed in this process is the trapping of holes
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which increases the electron conductivity. However,
with a sufficient number of recombination centers
present this is unseen. Then at shorter wavelengths
more and more of the absorption takes place in the
surface layer away from the higher density of re-
combination centers and even though we have more
recombination centers due to a spread in the quasi-
Fermi levels near the surface, the domination of the
effect of trapped holes leads to the rise in photo-
response as is seen in Figure 4.2. As the x-ray energy
is increased the density of recombination centers in-
creases faster than the hole trap density until the
recombination centers control the entire range of the
spectral response as is the case for all the 300keV
x-ray irradiation.

"The glow curves are completely explainable using
postulates a, b, and ¢. As the density of recombination
centers increases throughout the crystal with increasing
X-ray energy one expects a decrease in the conductance
as is true for 650m. illumination glow curves (postulate
a). However, near the surface an increase in the
number of electron and hole traps with increasing x-ray
energy will increase the conductance as is true for
510mt illumination., The above statements do not
contradict each other since in one case recombination

centers and 650my light are used to explain bulk
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properties whereas in the other case electron and hole
traps and 510m: light are used to explain a near sur-
face property.

The change in the probability of formation of
defects with increasing x-ray energy mentioned in the
postulates explaines the large changes in the wvarious
curves after the 300keV x-ray irradiation.

One must realize that the x-ray irradiations have
not been repeated as yet, therefore these postulates
may change somewhat as more data are accumulated.

Having seen that the above postulated triple
defect model satisfies the experimental results, one
wonders if other models will., Starting with single
defects, we see that they will explain various portions
of the data but none will explain it all. For example,
hole traps would explain the intrinsic range of the
conductivity for 150keV and 250keV x~ray irradiations
but not the strong decrease in the photoconductance
found after 300keV x-rays or any of the glow curves,

If one replaces the hole trap with electron traps this
will explain some of the glow curves but not the initial
increase in the spectral response. Similar incorrect
examples can be found for double defect models. A
different triple defect model could have the recombination
centers near the surface and the hole and electron

traps in the volume; this however would explain shifts
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in conductance just opposite to those we have found
experimentally. Thus we conclude that our postulated
model of three defects is the simplest model capable

of explaining all the experimental results.

4,3 Microscopic Model

The following discussion excluded the actual sur-
face due to lack of knowledge about it, Experiments are
currently being planned to study the surface of CdS
crystals in ultra-high vacuum.

No conclusive experiments have been carried out
as yet to determine the nature of the defects formed
by x-ray irradiation in CdS, however by assuming
intrinsic defects and simply laying out all the possible
combinations of Cd and S defects, i.e. vacancies,
interstitials, associates, etc., possible in ‘the CdS
lattice one can select the most probable defects when
geometry and electrostatics are taken into account., For
purposes of simplicity only two center associates of
nearest and next nearest neighbors will be considered.

Donors would act as electron traps; two different
donors would be a Cd interstitial or a S vacancy.
Formation of a sulfur vacancy requires the removal of
a S atom; this is improbable due to the large size of
the sulfur atom. Therefore it is concluded that a

Cd interstitial is the most probable electron trap.
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As a Cd interstitial is formed one also forms a Cd
vacancy thus creating a hole tvap. Near the surface
it is believed possible to remove the Cd atom and S
atom entirely"from the crystal”thus leaving a larger
percentage of hole and electron traps than in the bulk,
One now éuestions the validity of assuming a range
or very closely spaced band of discreet values of energy
for_trapping and trap emptying as in postulate c. This
may be feasible when one recalls that the initial
glow curves show no one trap energy predominating
but more correctly a continuum of trapping levels.
Recombination centers consist of donor-aceceptor
assoclates, i,e, Cd interstitial-vacancy, S interstitial-
vacancy, S-Cd interstitials, S-Cd vacancies. The
probability of the latter two forming close enough
together to interact is small. The probability of form-
ing the first associate is not as small as the latter
two but smaller than the second associate because of
ghe small size of Cd, it can t;avel through the lattice
quite easily with thermally acquire? energy and away
from its vacancy. The most probable recombination
center is therefore the S vacancy-interstitial, Due
to the large size of the sulfur atom it does not
diffuse through the lattice freely and can easily be

the next nearest neighbor to the vacancy.
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5. ANNEALING
5.1 Experimental Results

Previous work with other CdS crystals has shown
that a temperature vs, time curve as shown in Figure 4-5
will anneal some defects in CdS crystals, For reasons
discussed below the flat region located at about 170°C
should be lowered to about 135°C for this crystal as
shown by the dotted line., To anneal the crystal it
was heated to a given temperature, kept at this
temperature for five minutes, and then cooled to room
temperature following the solid curve in Figure 4~5

The extrinsic range of the spectral response and
the glow curves return to the value they had after
250keV x-rays when annealed at 100°C maximum temperature,
Further increases in the annealing temperature maximum to
150°C and 200°¢ produce only small increases (approximately
5%) in the glow curve conductivity, see Figures £-6, 4-7
and 5-8. As the annealing temperature maxima are {ncreased
to 250°C, 300°C, and 330°C,a drop of approximately
one~half an order of magnitude is seen in all the zlow
Surves, .

In the extrinsic range of spectral response a
rise in photoconductance is seen with each rise in
annealing temperature, Figure %-9, The intrinsic range of
the spectral response is seen to decrease after 200°C

maximum annealing temperature., However at 250°¢C
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maximum annealing temperature there is once more a

significant increase in the iuirinsic conductance.

Further increases in the annealing temperature maxima to
300°C and 330°C produce decreases in the intrinsic

spectral response,

5.2 Discussion of Annealing

We have seen that some of the x-ray induced defects
anneal out at 100°C, Previously we assumed that these
x-ray induced defects were due to sulfur vacancy-
interstitial recombination centers, Since these two
defects must be close together to act as a recombination
center it is quite reasonable that the associate should
return to a normal S atom with the addition of a little
thermal energy. It was further assumed that the other
defects were due to the dislocation of Cd from its
normal lattice site; the probability of these vacancies
and interstitials finding each other is small; therefore
their effects remain,

The small initial increases in the glow curve (L0"’7j)
conductances may be attributable to ordering of the
lattice whereby the electron scattering is reduced and
mobility is increased. The later large drops in glow
curve conductances might be connected to an increased
number of recombination centers at first glance, However
then they should also affect the spectral response;

this is not the case as is seen in Figure 49 Therefore
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one must conclude that the reduced glow curve values
are due to a reduction in the el=sctron traps in the
energy range of 0,3-0,6eV in ti: crystal, (the energy
being calculated by the equation first formulated by
Randall and Wilkins;’® Ec25KT.)

The increase in conductance in the extrinsic
range of spectral response with increasing annealing
temperature can best be explained by assuming an in-
creasing number of thermal defects in the crystal in
this energy range, i.e. acceptors. The maximum number of
these defects appears to have an energy at approximately'£;—€;=
2.0eV, This would be sufficiently far enough into the
extrinsic range so as not to influence the band gap con-
ductivity, The decrease of the conductance in the in-
trinsic range of the spectral response can be attributed
to the thermal defect centers which increased the con-
ductance in the extrinsic range. In the intrinsic range
the thermal activators which previously acted as hole
traps are now acting as recombination centers, since the
quasi-Fermi level for holes has been lowered near the
surface by increasing the concentration of holes in the
valance band,

It is known that oxygen acts as an acceptor in CdS
and in a region with a high concentration of holes, the
surface being illuminated with the light of wavelength
shorter than the band energy, it is possible that these:

, : 6
acteptors act as tecombination centers also,
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Thus if the oxygen were thermally desorbed from the surface,
we would observe an increase in =uiface photoconductivity

due to less oxygen activated recu:iination center, Therefore,
it is postulated that the increz:ze in the intrinsic photo-
conductivity is due to oxygen desorption occurring approxi-
mately 250°C maximum annealing temperature, since the crystal
has never been raised to this temperature before.

Further increases in the annealing temperature
maximum to 300°C and 330°C produce decreases in the intrinsic
spectral response which can again be attributed to the shift
in the quasi-fermi level by which an increased number of
activators and hole traps become recombination centers.,

6. Photochemical Effects

After heat treatment at 300° and annealing, photo-
chemical reactions have been found to be greatly enhanced,
Further discussion does not seem appropriate at this time,

7. 300 KV Irradiation at -185°

The spectral response curves at the beginning of
this program showed some structuring in the extrinsic range
and what appeared to be a well pronounced peak between
640 and 660mu.,

The spectral response and glow curves for the
300keV x-ray irradiation at -185°C are given in Figures 4 .10
and 4-11, The irradiation duplicated previous ones with the
exception that the crystal was held at liquid nitrogen
temperature from the beginning until the glow curves were
taken immediately following this.

7.1 Experimental Results

1. A general increase in conductance in the glow
curves which is especially pronounced in the region from
170°K to 260°K was observed.
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2) The spectral respouse curve showed greater
conductance in the extrinsic "+:3e and at the peak
(498 - 500 m, at -185°C).

3) No change in the in%:insic portion of the
spectral response curve,

7.2 Phenomonological Explanation.

It is proposed that similar to the irradiations at
room temperature, there is an increase in the number of
electron traps. This is inferred by the increase in con-
ductance in the glow curves, The increase is especially
pronounced in the region between 0.4 and 0,56 eV from the
conduction band,

The increase in conductance in the extrinsic region
is attributed to an increase in the number of hole traps,

It is suspected that the recombination center pro-
duced in the bulk of the material at room temperature are
not found at liquid nitrogen temperature. However some
recombination centers are produced near the surface.

Therefore, basically the same phenomonological model
is used here as was used for irradiation at room
temperature,

7.3 Miscrosopic Model

The additional information gained from this ex-
periment concerned the recombination centers. If we
choose the Sosﬁlassociate as the most probable radiation

produced recombination center at room temperature, then

sufficient energy is - pot available to produce this de-
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fect at-185°C., This is reascu~hle since less thermal
energy is available from the la#:i~e and we are working
very near the threshold energy : - vremoving an atom from
a lattice site. Recombination ~.m:ier production in the
near surface region may be more cnergetically favorable
because expansion of the lattice in the direction

normal to the surface to accomodate sulfur

interstitials requires less energy than expansion in the
bulk of the material.

7.3 Annealing

The crystal remained at room temperature and in
darkness for six days and then a spectral response curve
and glow curves were taken as shown in Figures 430 and ,-11,
The glow curves approached their pre-irradiation
values. The conductance in the extrinsic region of the
spectral response curve has decreased while the intrinsic
region has increased.

The electron and hole traps are assumed to have
already begun to anneal out at 25°C, The annealing
out of recombination centers near the surface would
account for the rise in the intrinsic region. The
higher value of conductance in this region could be the
result of ionized gases at the surface which were not
present before irradiation.

Figures 412 and 4.13 show the changes in spectral
response and glow curves for various annealing
temperatures. Annealing at 100°C, 150°C and 200°C

produced a parallel shift to higher photoconductance.



- 36 -

in the spectral response cuwv.s and what appears

to be a parallel shift of ti~ . 0w curves toward
higher conductance plus . an i: . zuse in the glow peak
occuring at ~150°K, The largz=. change occured after
annealing at 150°C,

The changes are thought to be attributable to the
thermal dissociation of an associate which is acting as
a recombination center, The rise of the glow peak at
~150°K may be due to one of the by-products of this
dissociation.

After the 200°C anmealing, the previously mentioned
measurement to determine if photochemical reactions
were present was made and upon re-running the 200°C
spectral response curve after illuminating the crystal
at room temperature, the photoconductance was found
to have been decreased by approximately one order of
magnitude, Subsequent annealing at 200°C shifted the
spectral response curve to higher conductance, however
complete annealing of the photochemically produced
defects was not accomplished,

Annealing at 250°C and 300°C produced only small
changes in the respective curves,

8. Present work

At the present time measurements are being made in
regard to a 300keV x-ray irradiation at room temper-

ature. Subsequent to this x-ray irradiation at :
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liquid nitrogen temperature will be repeated. It is

hoped that these data will produce not only information
regarding reproducibility, but new information re-

garding radiacion defects as well since we are now in a
position to aim for certain changes in defect structure

which were indicated at our first occupational investigations.
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EFFECTS OF SULFUR HEAT TREATMENTS ON
THE DARK CONDUCTIVITY OF CdS SINGLE CRYSTALS

The effect of sulfur vapor on the dark con-
ductivity of CdS has been studied in the temperature
range of 300° - 750°C for six CdS platelets. In general,
the dark conductivity has been found to decrease with
increasing sulfur vapor pressure. The stationary dark
current as a function of sulfur vapor pressure can be
represented by:

-1/m

Lstat ~ Ps where m = 2x the average '‘size"”

of the sulfur molecules

The crystals had two large gold and chromium,
or gold electrodes evaporated on one surface separated by
a distance of 1.5 - 2 mm, Two crystals were mounted on
a quartz crystal holder with Pt-Rh wire serving as
pressure contact. The crystals were located in one
chamber of a quartz vessel which consigted of two
chambers 30mm x 120mm long, joined by a quartz capillary
tube 120mm long. Contact wires and thermocouple wires
passed out of the tube through smaller quartz pipes and
were sealed with sealing wax. Spectroscopically pure
sulfur was placed in the other chamber., An exhaust
tube connected the sulfur chamber to a vacuum system.
After melting and outgassing the sulfur for three hours
at a temperature of 150°C under vacuum, the exhaust
tube was sealed at a pressure of 10'4Torr. The vessel
was then placed in a double oven where the temperatures
of the crystal and the sulfur could be regulated in-

dependently, The partial pressure of the sulfur was
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calculated from the temperature of the sulfur. The
temperature in the crystal chamber was always higher
than in the sulfur chamber.

Results obtained from the first two crystal
sets indicated that some of the technique described
above was not completely satisfactory, While the use of
a gold-chromium contact as opposed to a pure gold contact
improved the rigidity of the contact, any chromium ex-
posed to the sulfur atmosphers would react chemically
with the sulfur, which is very corrosive to all non-noble
metals, The first two contacts disappeared after sulfur
heat treatments at 550°C. The second set of contacts
were badly discolored. Also, because of the manner in
which the wires were led out of the vessel, small leaks
in the wax seals became very troublesome, especially
since a typical program of measurements requires a two
month period,

These difficulties led to the development of a
different method of contacting the crystals using pure
gold which has been reliable to temperatures up to
750°C and a method for continuous pumping under heat
treatments. Evaporated gold contacts are used as described.
A spherical drop of gold is fused onto the end of the
Pt-Rh pressure contact to minimize the danger of
scratching, A piece of leaf gold is placed between the
pressure contact and the evaporated electrode. to insure
that there is no scratching. A new containing vessel
has been constructed which can be pumped continuously
while measurements are being made. The exhaust tube
is connected to an oil diffusion pump through a cold trap.
The crystals are heated to a temperature of 400°C to
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outgas the crystal portion of the tube. Then the sulfur
is heated to a temperature of 160°C. At this temperature
the sulfur begins to diffuse into the exhaust tube. By
cooling the exhaust tube the sulfur condenses and forms

a plug which prevents the sulfur from contaminating

the rest of the system; small leaks in this plug allow
further pumping action,

Results

Using the new system the dark conductivity has
been measured as a function of sulfur vapor pressure
and the temperature dependance of the dark conductivity
has been studied after sulfur heat treatments of
approximately one hour at different temperatures and
sulfur pressures. Figuress.] and 52indicate some of
the preliminary results obtained for one of the crystals.
Additional measurements are required before a discussion
of possible conduction mechanism can be undertaken,
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